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A B S T R A C T

Bioassay-guided fractionation led to the isolation of three new spirocyclic terpenoid compounds from Euphorbia 
amygdaloides L., named Zagrosin I–III. Their structures were identified by 1D and 2D NMR (1H NMR, 13C NMR, 
DEPT 135, HMBC, and HSQC-TOCSY) and LC-MS-MS spectrometry. The cytotoxicity of the isolated spirocyclic 
terpenoids (Zagrosin I-III) was assessed against human breast cancer (MCF-7), human fibrosarcoma (HT1080), 
and normal human foreskin fibroblast cells with MTT assays (24, 48, and 72 h treatments). The FITC-Annexin V 
apoptosis flow cytometry assays and cell cycle analysis were performed for Zagrosin I–III.

These isolated compounds were identified as: (9)-8a-((benzoyloxy)methyl)-2-methoxy-4,9-dimethyltetrahy
dro-4H,5H-2,4a-methanobenzo[d] [1,3] dioxine-4-carboxylate (Zagrosin I), ((9)-4-hydroxy-2-methoxy-4,9- 
dimethyltetrahydro-4H,8aH-2,4a-methanobenzo[d] [1,3] dioxin-8a-yl) methyl benzoate (Zagrosin II), and (9)-2- 
methoxy-4,9-dimethyl-8a-(phenoxy methyl) tetrahydro-4H,5H-2,4a-methanobenzo[d][1,3]dioxin-4-yl 4-methyl
pentanoate (Zagrosin III).

The IC50 of Zagrosin I on 48-h-treated MCF-7 was calculated as 1.5 μg/mL. Zagrosin II and III exhibited 
cytotoxicity on 48-h-treated MCF-7 with IC50s of 14.04 and 12.50 μg/mL, respectively. The IC50 of Zagrosin I on 
human fibrosarcoma (HT1080) was 115.5 μg/mL, Zagrosin III, 16.81 μg/mL (48 h treatment), and Zagrosin II, 
142.7 μg/mL (72 h treatment). Zagrosin I-III exhibited significant cytotoxicity against the MCF-7 cell line and 
human fibrosarcoma (HT1080), with the mechanism of early and late apoptosis affecting cells mostly in G0/G1 
fallowed by S and G2 phases. MCF-7 had a higher rate of phosphatidyl serine exposure on the cell membrane 
than two other studied cells. The cytotoxicity on normal human foreskin fibroblasts was low. Zagrosin I-III can be 
considered an effective chemical backbone for anticancer drug development.

Abbreviations: 2D NMR: Two-Dimensional Nuclear Magnetic Resonance Spectroscopy; API: Atmospheric 
Pressure Ionization; DEPT: Distortionless Enhancement by Polarization Transfer; ELISA: Enzyme-Linked Immu
nosorbent assay; ERK: Extracellular signal-regulated kinase; ESI: Electrospray ionization; FBS: Fetal Bovine 
Serum; FITC: Fluorescein isothiocyante; fr: fraction; HMBC: Heteronuclear Multiple Bond Correlation; HPLC: 
High-Performance Liquid Chromatography; HSQC: Heteronuclear Single Quantum Coherence; HT1080: Human 
fibrosarcoma cell line; IC50: Half-maximal inhibitory concentration; MCF-7: Human breast cancer cell line; MHz: 
Megahertz; MTT: 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide; NMR: Nuclear Magnetic 
Resonance; PBS: Phosphate Buffered Saline; PI: Propidium Iodide; ppm: Part Per Million; Rf: Retention Factor; 
TLC: Thin-layer chromatography; TOCSY: Total Correlation Spectroscopy; VLC: Vacuum Liquid 
Chromatography.
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1. Introduction

The long ethnomedicinal history, ethnopharmacological applica
tions, and diverse metabolite content of the Euphorbiaceae family make 
this plant family a precious source for phytochemistry and drug dis
covery studies (Hamedi et al. 2022; Ernst et al. 2015; Amtaghri et al. 
2022; Benjamaa et al. 2022). Plants of this family are well-known as 
popular traditional remedies in the treatment of cancer, inflammation, 
skin diseases, and infectious diseases. Many pieces of evidence have 
shown that different parts of various Euphorbia plants, such as stem 
barks, latex, seeds, and leaves, have been used medicinally (Kemboi 
et al. 2020b; Pascal et al. 2017). Although many regional therapeutic 
uses are related to the endemic Euphorbia species, some of the most 
frequently used species in the Mediterranean and Middle East include 
Euphorbia myrsinites L., Euphorbia macroclada Boiss., Euphorbia seguieri
ana Necker., and Euphorbia peplus L (Özbilgin and Gülçin 2012; Mog
haddas et al. 2017). The Euphorbia genus is a rich source of terpenoid 
molecules such as myrsinols, lathyranes, ingenanes, cembranes, 
tiglianes, jatrophane, abietanes, and daphnanes. A variety of diterpenes 
from the Euphorbia genus have been reported as potential leads for drug 
development studies. Several diterpenoids, including jatrophane, 
modified jatrophane, segetane, pepluane, and paraliane, were extracted, 
purified, and described from Euphorbia dendroides, Euphorbia characias, 
Euphorbia peplus, Euphorbia amygdaloides, and Euphorbia paralias. Among 
them, fifty diterpenoids were reported for the first time (Barile, Corea, 
and Lanzotti 2008). Moreover, a number of diterpenes named amyg
daloidins (A-L) have been isolated from E. amygdaloides (Barile, Corea, 
and Lanzotti 2008; Corea et al. 2005). Diterpenoids have been reported 
for a diverse range of pharmacological properties, including anti- 
inflammatory, antiviral activities, and cytotoxicity. Several types of 
diterpenoids were reported from this genus, such as isopimarane, 
rosane, abietane, ent-kaurane, and ent-atisane. cembrane, casbane, 
lathyrane, myrsinane, jatropholane, tigliane, ingenane, jatrophane, 
paraliane, pepluane, and euphoractin (Zhao et al. 2022). Researchers 
have also reported triterpenoids from the Euphorbia genus. These tri
terpenoids mostly belonged to the tirucallane, cycloartanes, lupane, 
oleanane, ursane, and taraxane subclass. The majority of them exhibit 
significant cytotoxic and anticancer activities (Kemboi et al. 2020a).

Besides phytochemical diversity, terpenoids provide a promising 
source for investigating small molecules with cytotoxic and anticancer 
properties. A successful example of a naturally derived diterpene drug is 

taxol. As another distinct example, a diterpene of E. peplus, ingenol 
metabutate (picato®), can be mentioned, which is an FDA-approved 
drug in actinic keratosis treatment (Ogbourne and Parsons 2014). The 
isolated flavonoids form Euphorbia spp. exhibited anticancer, anti
proliferative, antimalarial, antibacterial, anti-venom, anti-inflamma
tory, anti-hepatitis, and antioxidant properties and shown different 
mechanisms of action against cancer cells (Magozwi et al. 2021). Some 
flavonol glycosides have also been reported from E. amygdaloides 
(Müller and Pohl 1970).

E. amygdaloides is a perennial herb (30–60 cm tall) with mahogany- 
red leathery leaves (6 cm long) and glabrous, smooth, spherical seeds. In 
this research, the cytotoxic properties of E. amygdaloides fractions, and 
the most effective constituents were investigated based on the bioassay 
guided fractionation method. The chemical structure of these isolated 
compounds was determined based on the various 1D NMR (1H NMR, 13C 
NMR, Dept-135), 2D NMR (HMBC, HSQC-TOCSY), and mass spec
trometry techniques.

2. Materials and methods

2.1. Plant, cells, and other materials

E. amygdaloides aerial parts, including leaves and stems, were gath
ered during October from the Pooladkaf zone near Sepidan county in the 
northwest of Fars province with 30◦20′15.3″N 51◦57′38.5″E geograph
ical directions and an altitude of 2809 m. This plant was established at 
the Medicinal Plants Processing Research Centre, Shiraz University of 
Medical Sciences, Shiraz, Iran, by Dr. Ardalan Pasdaran with a voucher 
specimen (MPPRC-99–2).

Human breast cancer (MCF-7) and human fibrosarcoma cells 
(HT1080) were purchased from the Pasteur Institute (Tehran, Iran). The 
human foreskin fibroblasts were obtained from the Transplant Research 
Center (Shiraz, Iran). Solvents were of high purity and purchased from 
Dr. Mojallali Industrial Chemical Complex Co. (Tehran, Iran). All other 
chemicals were purchased from Sigma-Aldrich (USA) or Merck (Merck 
Millipore, Germany). Trypsin was purchased from Gibco (Italy).

2.2. Extraction and isolation

Dried E. amygdaloides aerial parts (2.3 kg) were macerated and 
extracted with hexane, dichloromethane, and methanol (10 L of each 
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Fig. 1. Chemical structures of Zagrosin I-III (1–3).
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solvent) sequentially. With consideration of the primary biological test 
results, 10 g of the methanolic extract was subjected to vacuum liquid 
chromatography (VLC) on 60 g of silica gel. As a mobile phase, n-hexane, 
chloroform, and methanol were used with the following gradient ratios: 
(n-hexane: chloroform, 10:20, 10:40, 10:80, 0:100, then chloroform: 
methanol, 10:10, 10:30, 10:50, 10:60, 10:80, 0:100) that yielded 10 
fractions (fr1-10). After performing toxicity assays on these fractions, the 
most active fractions (fr3 and fr4) were subjected to further purification 
steps using preparative thin layer chromatography (silica gel TLC) 
(Ebrahimi-Najafabadi et al. 2019) with chloroform: ethyl acetate: formic 
acid (5: 1: 0.5 v/v) as the mobile phases. As a result, Zagrosin I (1) (Rf =

0.81, 124.0 mg) and Zagrosin II (2) (Rf = 0.87, 172.6 mg) were purified 
from fr3 and fr4, respectively. 10 g of the hexane extract underwent silica 
gel VLC fractionation for Zagrosin III (3) isolation. As mobile phases, 
toluene (10 v/v), toluene: acetone (9:1 then 4:6 v/v), toluene: acetone: 
chloroform (6:4:2 then 2:4:4 v/v), and chloroform (10 v/v) were used, 
which yielded 6 fractions (fr1-6). The fr1 with the highest toxicity was 

purified using a preparative silica gel TLC with chloroform: ethyl ace
tate: acetic acid (8: 2: 0.1 v/v). As a result, 25 mg of Zagrosin III (3) with 
Rf = 0.66 was isolated (Fig. S1 in Supplementary file no. 1).

2.3. MTT cytotoxicity assay

The cytotoxicity assay was performed as previously described (Hejr 
et al. 2017; Pasdaran et al. 2021; Azizi et al. 2021). The cytotoxicity was 
investigated on Human breast cancer (MCF-7), human fibrosarcoma 
(HT1080), and human foreskin fibroblast cells using the MTT (3-[4,5- 
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay. Cells 
were cultured in DMEM/F12, RPMI 1640-supplemented media with 10 
% fetal bovine serum (FBS), and 100 IU/mL penicillin G. Incubation was 
done with 95 % air humidity and 5 % CO2 at 37 ◦C. As a laboratory 
procedure, the cytotoxicity of different concentrations (2, 6.25, 12.5, 25, 
50, 100, and 200 μg/mL) of isolated compounds was investigated by the 
colorimetric MTT method. As negative and positive controls, untreated 
cell cultures and paclitaxel were used, respectively. After the wells were 
incubated with MTT solution for 4 h, the absorbance of 24-, 48-, and 72- 
hour-treated cells with the isolated compounds was measured at 570 
and 630 nm with an enzyme-linked immunosorbent assay (ELISA) plate 

Table 1 
1H NMR, 13C NMR, Dept-135, HMBC, and HSQC-TOCSY data of Zagrosin I (1).

Position 
number

Hetero 
atom

1H NMR 13C 
NMR

Dept- 
135

HMBC 
(H → 
C)

HSQC- 
TOCSY 

1 O − − − − −

2 ​ − − (q) − − −

3 O − − − − −

4 ​ − − (q) − − −

4a ​ − − (q) − − −

5 ​ 1.35 28.90 
(s)

28.90 11, 9, 
8, 1′

6, 8, 9, 
10, 1′, 7, 
11

6 ​ 0.82, 1.34 § 22.98 
(s)

22.98 8, 10, 
7

7, 5, 8, 
1′

7 ​ 1.24§ 23.69 
(s)

23.69 6, 5 6, 5, 8, 
9, 1′

8 ​ 0.82, 1.34 
§*

30.31 
(s)

30.31 11, 1′, 
9

11, 9, 7, 
5, 6, 1′

8a ​ − − (q) − − −

9 ​ 1.68 § 38.67 
(t)

38.67 1′, 5 1′, 10, 5, 
7, 11

10 ​ 0.85 10.94 
(p)

10.94 − 6, 8, 9,1′

11 ​ 1.25–1.32§* 14.06 
(p)

14.06 5, 8 10, 6, 
5,8

12 O − − − − −

13 ​ 3.69* 50.64 
(p)

50.64 − −

1′a ​ 4.20 (dd) 68.20 
(s)

68.20 7, 5, 9, 
2‴

10, 8, 7, 
5, 6, 9

1′b ​ 4.14 (dd) ​ ​ ​ ​
1″ ​ − 132.36 

(q)*
− − −

2″ ​ 7.60–7.65* 130.94 
(t)*

130.94 6″, 2‴ 3″, 4″, 
5″, 6″

3″ ​ 7.43–7.45* 128.79 
(t)*

128.79 6″, 5″ 2″, 4″, 
6″, 5″

4″ ​ 7.43–7.45* 128.79 
(t)*

128.79 6″, 2″ 2″, 3″,5″, 
6″

5″ ​ 7.43–7.45* 128.79 
(t)*

128.79 3″, 6″ 3″, 2″, 
4″, 6″

6″ ​ 7.60–7.65* 130.94 
(t)*

130.94 2″, 2‴ 2″, 3″,5″, 
4″

1‴ O − − − − −

2‴ ​ − 167.82 
(q)

− − −

1‴′ ​ − 161.56 
(q)

− − −

2‴′ O − − − − −

3‴′ ​ 3.69* 50.92 
(p)

50.92 1‴′ −

§ Assigned and confirmed based on Dept-135, HMBC and HSQC-TOCSY data.
* Overlapped peaks.
q: Quadrupole carbon not clearly resolved.

Table 2 
1H NMR, 13C NMR, Dept-135, HMBC, and HSQC-TOCSY data of Zagrosin II (2).

Position 
number

Hetero 
atom

1H NMR 13C 
NMR

Dept- 
135

HMBC 
(H → 
C)

HSQC- 
TOCSY 

1 O − − − − −

2 ​ − − (q) − − −

3 O − − − − −

4 ​ − − (q) − − −

4a ​ − − (q) − − −

5 ​ 1.35 29.19 
(s)

29.19 10, 9, 
1′

1′, 6, 8, 
7, 9, 10, 
11

6 ​ 0.82, 1.34 
§*

22.78 
(s)

22.78 8, 10, 
7

7, 5, 8, 1′

7 ​ 1.24§ 23.54 
(s)

23.54 6, 5 6, 5, 8, 
9, 1′

8 ​ 0.82, 1.34 
§*

30.65 
(s)

30.65 11, 1′ 11, 9, 7, 
5, 6, 1′

8a ​ − − (q) − − −

9 ​ 1.68 § 38.53 
(t)

38.53 1′, 5 1′, 10, 5, 
7, 11

10 ​ 0.85 10.92 
(p)

10.92 − 5, 6, 8, 
9, 1′

11 ​ 1.25–1.32§* 14.03 
(p)

14.03 5, 8 10, 6, 
5,8

12 O − − − − −

13 ​ 3.38 50.39 
(p)

50.39 − −

14 O − − − − −

1′a ​ 4.20 (dd) 68.18 
(s)

68.18 − 10, 8, 7, 
5, 6, 9

1′b ​ 4.14 (dd) ​ ​ ​ ​
1″ ​ − 132.36 

(q)*
− − −

2″ ​ 7.60–7.65* 130.90 
(t)*

130.90 6″, 2‴ 3″, 4″, 5″, 
6″

3″ ​ 7.43–7.45* 128.89 
(t)*

128.89 6″, 5″ 2″, 4″, 6″, 
5″

4″ ​ 7.43–7.45* 128.89 
(t)*

128.89 6″, 2″ 2″, 3″,5″, 
6″

5″ ​ 7.43–7.45* 128.89 
(t)*

128.89 3″, 6″ 3″, 2″, 4″, 
6″

6″ ​ 7.60–7.65* 130.90 
(t)*

130.90 2″, 2‴ 2″, 3″,5″, 
4″

1‴ O − ​ − − −

2‴ ​ − 167.95 
(q)

− − −

§ Assigned and confirmed based on Dept-135, HMBC and HSQC-TOCSY data.
* Overlapped peaks.
q: Quadrupole carbon not clearly resolved.
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reader from BioTek Instruments®/USA (Deng et al. 2021; Pasdaran et al. 
2022; Azizi et al. 2021). All experiments were performed in three rep
licates, and the data were presented as the percentage of growth 
inhibition.

2.4. Apoptosis assessment using annexin V-FITC/PI staining coupled with 
flow cytometry

For detection of apoptosis an FITC-Annexin V apoptosis detection kit 
(Cat No NBRA-001, MBR company, Iran) was used. The concentrations 
of Zagrosin I-III were selected based on the results of the MTT assays. 
After 24, 48, and 72 h of treatment of the cells by purified compounds 
(12.5 μg/mL of Zagrosin I, III or 25 μg/mL for Zagrosin II), they were 

washed, trypsinated, counted (each sample tube contained more than 
50,000 cells) and prepared according to the manufacturer’s instructions. 
Briefly after 3 washes, 500 μL of Annexin V-FITC binding buffer and 10 
μL of FITC-conjugated Annexin V was added to the cells, and incubated 
for 15 min in dark condition. Subsequently, 2 μL of Propidium Iodide 
(PI) solution was added to each sample and incubated for 1–5 min in 
dark condition at room temperature. In each set of studied cell lines, 
negative control and induced apoptotic positive control were prepared. 
All prepared sample solutions were performed in triplicate and analyzed 
by flow cytometry using a flow cytometer (BD FACS Calibur with a 488- 
nm argon-ion laser). Cells of interest were gated; fluorescence was 
measured and the data of 10,000 cells were collected. Flowjo software 
was used to display the percent of normal and apoptotic cells. Normal 
cells and positive for FITC and/or PI cells were quantified by quadrant 
analysis and calculated. The data were represented as mean ± SD. As a 
detection tool, the apoptosis assay is used to establish the anticancer 
potential of any compound for tumor growth inhibition. In the resulted 
diagrams, the lower left quadrant displays the percentage of live cells 
(Annexin − V (− ) /PI (− ), the lower right shows the percentage of early 
apoptotic cells (Annexin- V (+) /PI (− ), the upper right demonstrates 
late apoptotic and necrotic cells (Annexin- V (+) /PI (+), and the upper 
left shows secondary necrotic or dead cells (Annexin V-/PI + ).

2.5. Cell cycle analysis

Cells (2 × 105 cells/mL) were exposed to control or isolated com
pounds)12.5 μg/mL of Zagrosin I, III or 25 μg/mL for Zagrosin II) for 6, 
24, 48, and 72 h. In any case, after treatment, the cells were centrifuged 
at 5000 rpm for 15 min, and the supernatant was discarded. The cell 
pellets were washed twice in phosphate buffered saline (PBS) and 
centrifuged at 5000 rpm for 15 min (the supernatant was discarded), 
then fixed with 66 % ethanol on ice. The cell pellets were resuspended in 
staining solution based on the manufacturer’s guidelines (ab139418 
Propidium Iodide Flow Cytometry Kit for Cell Cycle Analysis; Abcam, 
Cambridge, UK). The resuspended cells were incubated at 37 ◦C in the 
dark for 20 min, then placed on ice and prepared for flow cytometry 
analysis. The effects of isolated compounds on cell cycle distribution 
were determined by a BD FACSCalibur™ Flow Cytometer (Becton, 
Dickinson and company, USA).

2.6. Structure elucidation

Nuclear Magnetic Resonance (NMR) spectra of the Isolated com
pounds were obtained in deuterated chloroform by a Bruker Ascend™ 
spectrometer (300 MHz for 1H NMR, 75 MHz for 13C NMR, and 300 MHz 
for other techniques). 2D Pulse programs were selected from the Bruker 
software library. The δ scale (ppm) was used for all chemical shifts. A 
Waters Alliance 2695 HPLC Micromass Quattro micro-API Mass Spec
trometer instrument with an Atlantis T3-C18 3μ, 2.1 × 100 mm column 
(35 ◦C temperature) and flow rate of 0.25 mL/min was used for LC-MS- 
MS analysis of isolated compounds. A linear gradient from 5–95 % 
acetonitrile in water was applied as the mobile phase for 15 min. For 
mass analysis (ESI positive mode), the following conditions were 
considered: cone voltage 35 V, extractor voltage 2 V, capillary voltage 
4.5 kV, collision energy 45 eV, 200 L/h grade 5 N2, 120 ◦C, and 300 ◦C 
for source and desolvation temperatures, respectively.

2.7. Statistical analysis

All data is represented as the mean ± standard deviation (SD) of at 
least 3 experiments. The IC50 (half-maximal inhibitory concentration) 
values in the cytotoxicity tests were calculated using GraphPad Prism 
version 8.0.2 (GraphPad Prism Software, San Diego, CA). Moreover, 
two-way analysis of variance (ANOVA) and Tukey’s multiple compari
son tests were used to compare the groups statistically. The significant 
level was considered p ≤ 0.05. The two-way ANOVA not only aims to 

Table 3 
1H NMR, 13C NMR, Dept-135, HMBC, and HSQC-TOCSY data of Zagrosin III (3).

Position 
number

Hetero 
atom

1H NMR 13C 
NMR

Dept- 
135

HMBC 
(H → 
C)

HSQC- 
TOCSY 

1 O − − − − −

2 ​ − − (q) − − −

3 O − − − − −

4 ​ − − (q) − − −

4a ​ − − (q) − − ​
5 ​ 1.68–2.31 

§*
22.65 
(s)

22.65 − 10, 11

6 ​ 1.68–2.31 
§*

23.71 
(s)

23.71 − 10, 11

7 ​ 1.68–2.31 
§*

29.19 
(s)

29.19 5 5, 6

8 ​ 1.68–2.31 
§*

28.91 
(s)

28.91 6 11, 6, 5

8a ​ − − (q) − − −

9 ​ 1.68 § 38.53 
(t)

38.53 5 11, 5, 6, 
7

10 ​ 0.85 10.94 
(p)

10.94 9, 5 11, 5

11 ​ 1.31§* 14.05 
(p)

14.05 − 9, 5, 7, 
8

12 O − − − − −

13 ​ 3.38 50.39 
(p)

50.39 − −

14 O − − − − −

1′a ​ 4.20 (dd) 68.18 
(s)

68.18 7, 9 10,7, 6, 
8, 5

1′b ​ 4.14 (dd) ​ ​ ​ ​
1″ ​ − 167.01 

(q)
− − −

2″ ​ 7.73§* 129.01 
(t)*

129.01 − 3″, 4″, 
5″, 6″

3″ ​ 7.56§* 130.82 
(t)*

130.82 − 2″, 4″, 
6″, 5″

4″ ​ 7.56§* 129.01 
(t)*

129.01 − 2″, 
3″,5″, 6″

5″ ​ 7.56§* 130.82 
(t)*

130.82 − 3″, 2″, 
4″, 6″

6″ ​ 7.73§* 132.39 
(t)*

132.39 − 2″, 
3″,5″, 4″

1‴ O − − − − −

1‴′ O − − − − −

2‴′ ​ − 177.08 
(q)*

177.08 − −

3‴′ ​ 2.19§* 30.33 
(s)

30.33 7‴′, 6‴′ 4‴′, 5‴′

4‴′ ​ 1.26§ 29.69 
(s)

29.69 − 3‴′, 5‴′

5‴′ ​ 1.26§ 31.45 
(t)

− − 3‴′, 4‴′

6‴′ ​ 0.86–0.92§* 20.97 
(p)*

20.97 3‴′, 4‴′, 
7‴′

3‴′,7‴′

7‴′ ​ 0.86–0.92§* 20.97 
(p)*

20.97 3‴′, 4‴′, 
6‴′

3‴′,6‴′

§ Assigned and confirmed based on Dept-135, HMBC and HSQC-TOCSY data.
* Overlapped peaks.
q: Quadrupole carbon not clearly resolved.
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assess the main effect of each independent variable, but also whether 
there is any interaction between them.

3. Results and discussion

3.1. Structural analysis

The structures of the three isolated compounds were elucidated 
based on NMR and LC-MS/MS data and are illustrated in Fig. 1.

The LC-MS chromatograms show the purity of the isolated com
pounds. For Zagrosin I (1), Zagrosin II (2), and Zagrosin III (3), the 
molecular weights were calculated as 404, 362, and 432 Dalton, 
respectively. Moreover, the fragmentation patterns based on LC-MS/MS 
data are presented to recheck the structure (Fig. S2 (Zagrosin I), Fig. S14
(Zagrosin II), and Fig. S26 (Zagrosin III) in Supplementary file no. 1).

Zagrosin I (1) is a pale-yellow amorphous compound. The 1H NMR 
spectrum showed the presence of a benzoyl moiety [δ 7.7, 7.4, 8.2 ppm], 
a methine group at δ 1.6 ppm, a methoxy [δ 3.69 ppm], and a methylene 
[δ 4.2, 4.1 ppm] (Supplementary file no. 1).

As shown in Table 1, the HMBC and HSQC-TOCSY spectra assigned 
other protons, such as methyl moieties, H-11, and H-10 protons. The 13C 
NMR spectrum exhibited the following signals: δ C 161.5, 167.8 ppm for 
two carbonyl groups, five methylene [δ C 28.9, 22.9, 23.6, 30.3, and 
68.2 ppm], aromatic carbons [ δ C128.7, 130.9, and 132.3 ppm], and 
two methyl groups [δ C14.0 and 10.9 ppm]. All carbons were also 
assigned based on Dept-135 spectrum signals (Table 1).

The backbone of compound (1) was assembled by interpreting the 
HMBC and HSQC-TOCSY spectra. The following proton-carbon corre
lations were observed in the HMBC spectrum: between H-5 (δ 1.35 ppm) 
and C-10 (δ C 10.9), C-1′ (δ C 68.2), C-7 (δ C 30.3), between H-1′ (δ 4.20, 
4.14 ppm) and C-2‴ (δ C 161.5), C-9 (δ C 38.6), C-8 (δ C 30.3), C-5 (δ C 
28.9), between H-11 (δ 1.2 ppm), and C-8 (δ C 30.31), C-5 (δ C 28.90).

The HSQC-TOCSY correlations between protons and carbon also 
showed how the proposed Zagrosin I (1) carbon backbone is connected, 
for example, between H-10 (δ 0.85 ppm) and H-6 (δ 0.82, 1.34), and H-1′ 
(δ 4.20), H-8 (δ 0.82, 1.34), and H-9 (δ 1.68). Additional data are noted 

in Table 1 (Supplementary file no. 1). This compound with the formula 
of C22H28O7 was elucidated as methyl (9)-8a-((benzoyloxy)methyl)-2- 
methoxy-4,9-dimethyltetrahydro-4H,5H-2,4a-methanobenzo[d] [1,3] 
dioxine-4-carboxylate and named Zagrosin I.

Zagrosin II (2) is a pale-yellow amorphous compound. The 1H NMR 
spectrum showed a benzoyl moiety similar to the Zagrosin I [δ 7.6, 7.5, 
7.9 ppm], a methoxy [δ 3.3 ppm], and a methylene [δ 4.2, 4.1 ppm]. 
Similar to the previous compound, Zagrosin I, other protons of Zagrosin 
II were authorized by HMBC and HSQC-TOCSY data. Subsequent 
structural information was obtained from the 13C NMR spectrum: δ C 
167.9 ppm for a carbonyl group, five methylene [δ C 29.1, 22.7, 23.5, 
30.6, and 68.1 ppm], aromatic carbons [ δ C128.8, 130.9, and 132.3 
ppm], and two methyl groups [δ C14.0 and 10.9 ppm]. The Dept-135 
spectrum as well as HMBC and HSQC-TOCSY signals, likewise to 
Zagrosin I, were used for all carbon assignments. In the HMBC spectrum, 
next proton-carbon correlations were detected: between H-5 (δ 1.34 
ppm) and C-10 (δ C 10.9), C-1′ (δ C 68.1), C-9 (δ C 38.5), between H-11 
(δ 1.25–1.32 ppm) and C-5 (δ C 29.1), and C-8 (δ C 30.6). The HSQC- 
TOCSY spectrum also revealed the following correlations: H-5 (δ 1.35 
ppm) to H-1′ (δ 4.14, 4.20), H-8 (δ 0.82, 1.34), H-11 (δ 1.25–1.32), and 
H-1′ (δ 4.20, 4.14 ppm) to H-7 (δ 1.24), H-9 (δ 1.68), and H-5 (δ 1.35). 
Table 2 provides the detailed correlations.

More additional data were noted in Table 2, supporting information. 
Zagrosin II with the formula of C20H26O6 seems to be a spirocyclic 
terpenoid and was elucidated as ((9)-4-hydroxy-2-methoxy-4,9-dime
thyltetrahydro-4H,8aH-2,4a-methanobenzo[d] [1,3] dioxin-8a-yl) 
methyl benzoate and named Zagrosin II.

Zagrosin III (3) is a pale-yellow amorphous compound. The 1H NMR 
spectrum exhibited a phenyl moiety [δ 7.7, 7.5, 7.2 ppm], a methoxy [δ 
3.3 ppm], five methyl groups [δ 1.3, 2.0, 0. HSQC-TOCSY 9 ppm], and a 
methylene group at δ 4.2 ppm. As with the above-maintained com
pounds, HSQC-TOCSY and HMBC data were also applied for Zagrosin III 
backbone structural elucidation. Other structural information was ac
quired from 13C NMR and DEPT-135 spectra: a carbonyl group at δ C 
177.0 ppm, seven methylene groups [δ C 68.8, 29.6, 30.3, 22.6, 23.7, 
29.1, and 28.9 ppm], aromatic carbons [ δ C129.0, 130.8, and 132.3 

Fig. 2. The cytotoxic activity of Zagrosin I-III on MCF-7 normal human foreskin fibroblast, and human fibrosarcoma (HT1080) cells after 24 h, 48 h and 72 h of 
exposure, based on MTT assay. All experiments were performed in three replicates and the data were presented as the percentage of growth inhibition. Data are 
expressed as mean ± SD (a: significantly different from 24 h treated cells; b: significantly different from 8 h treated cells; c: significantly different from 72 h treated 
cells; p < 0.05).
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ppm], and four methyl groups [δ C14.0, 10.9, and 20.97 ppm]. 
Furthermore, from HMBC spectra, the following proton-carbon corre
lations were illustrated: between H-1′ (δ 4.14, 4.20 ppm) and C-7 (δ C 
29.19), C-9 (δ C 38.53), and between H-10 (δ 1.3 ppm) and C-9 (δ C 
38.53), and C-6 (δ C 22.65). The HSQC-TOCSY spectrum also revealed 
the following correlations: H-5 (δ 1.6–2.3 ppm) to H-10 (δ 0.85) and H- 
11 (δ 1.31); H-3‴′ (δ 2.1 ppm) to H-4‴′ and H-5‴′ (δ 1.26); and H-1′ (δ 
4.14, 420 ppm) with H-10 (δ 1.3) and H-6 (δ 1.68–2.31). More additional 
data was noted in Table 3, supporting information. This compound with 
the formula of C25H36O6 was elucidated as (9)-2-methoxy-4,9-dimethyl- 
8a-(phenoxy methyl) tetrahydro-4H,5H-2,4a-methanobenzo[d][1,3] 
dioxin-4-yl 4-methylpentanoate and named Zagrosin III.

Based on the backbone structure, compounds 1–3 belong to the 
substituted spirocyclic terpenoid class with a cyclic ether with a five- 
membered ether ring. The structures of Zagrosin I-II have similarities 
in acyl substitute (such as a benzoate ester) with (+)-Pedrolide which is 
a natural terpenoid that was first isolated from Euphorbia pedroi. 
Pedrolide is a diterpenoid with an unprecedented carbon skeleton, 
pedrolane, containing a bicycle[2.2.1]heptane system (Ferreira et al. 
2020; Fadel and Carreira 2023).

Spiro compounds are molecules that have at least two molecular 
rings with only one common atom. Spirocyclic scaffolds are incorpo
rated in various approved drugs and drug candidates (Hiesinger et al. 
2020; Chupakhin et al. 2019). Spirocycles are thought to possess a good 
balance of conformational rigidity and flexibility to be, on one hand, free 
from absorption and permeability issues characteristic of conforma
tionally more flexible, linear scaffolds. On the other hand, spirocycles 

are more conformationally flexible compared to, for example, flat aro
matic heterocycles and can adapt to many proteins as biological targets; 
thus, increasing the chances of finding bioactive hits (Chupakhin et al. 
2019; Zheng, Tice, and Singh 2014). Zagrosin I-III which are isolated in 
the present study have spirocyclic terpenoid backbone. The following 
examples are closely related to our isolated compounds: polygalolide A, 
polygalolide B, 7-hydroxydehydroaustin, dehydroaustinol, austin, pen
icianstinoids A, penicianstinoids B, atrop-abyssomicin C, abyssomicin B, 
C, G, H, I (Fiedler 2021; Bai et al. 2019; Ma et al. 2003). A variety of 
biological activity including antiviral, antifungal and anticancer effects 
have been reported for some spirocyclic sesquiterpenes and sesqui
terpenoids. As an example, illudin S is currently in Phase II clinical trials 
against ovarian, prostate, and gastrointestinal cancers (Chupakhin et al. 
2019).

3.2. MTT cytotoxicity assay

This study was performed based on bioassay guided fractionation. 
All the obtained fractions and subfractions were tested for cytotoxicity 
applying MTT assay. The Zagrosins I-III were isolated as the major active 
compounds from the and most effective fractions (data not shown, 
Supplementary file no. 1). Different concentrations of the isolated 
compounds, Zagrosin I-III (1–3), showed different levels of cytotoxicity 
on 24, 48, and 72-h treated cell lines. The highest cytotoxicity was 
exhibited for Zagrosin I (1) on the human breast cancer cell line (MCF-7) 
after 24 h of exposure at 12.5 μg/mL (inhibition of MCF-7 cell prolif
eration was 66 %), 55.57 % inhibition at 12.5 μg/mL for Zagrosin III, 

Fig. 3. Images of MCF-7, human fibrosarcoma (HT1080) and normal human foreskin fibroblasts cells in the culture medium, 24, 48, and 72 h after treatment with 
Zagrosin I (12.5 μg/mL, A), Zagrosin II (25 μg/mL, B), and Zagrosin III (12.5 μg/mL, C).
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Fig. 4. Flow cytometric analysis diagram of the human fibrosarcoma (HT1080), MCF-7, and normal human foreskin fibroblast cell lines after 24 h, 48 h and 72 h of 
exposure to 12.5 μg/mL of Zagrosin I (A) and Zagrosin III (C) or 25 μg/mL of Zagrosin II (B), and untreated cells as the control (D). Each diagram can be divided into 
four separated regions include: (the lower left quadrant) percentage of live cells (Annexin V-/PI-), (the lower right quadrant) percentage of early apoptotic cells 
(Annexin V + /PI-), (the upper right quadrant) percentage of late apoptotic cells (Annexin V + /PI+), and (the upper left quadrant) percentage of necrotic cells 
(Annexin V-/PI+).

Fig. 5. The percentage of cells in early and late apoptosis based on flow cytometric results. Cells were treated with Zagrosin I-III for 24 h, 48 h and 72 h (12.5 μg/mL 
of Zagrosin I, III and 25 μg/mL of Zagrosin II). The data are presented as the mean ± SD (a: significantly different from untreated cells; b: significantly different from 
72 h treated cells; c: significantly different from 48 h treated cells; p < 0.05).
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and then 55.57 % inhibition at 25 μg/mL for Zagrosin II.
As seen in Fig. 2, different concentrations of Zagrosin I-III (1–3) had a 

range of cytotoxicity on human fibrosarcoma (HT1080), MCF-7, and 
normal human foreskin fibroblast cell lines according to the MTT assay.

The highest cytotoxicity was observed in 48-h-treated MCF-7. The 
IC50 of Zagrosin I on 48-h-treated MCF-7 was calculated as 1.5 μg/mL. 
Zagrosin II and III exhibited cytotoxicity on 48-h-treated MCF-7 with 
IC50s of 14.04 and 12.50 μg/mL, respectively. The IC50 of Zagrosin I on 
human fibrosarcoma (HT1080) was 115.5 μg/mL, Zagrosin III, 16.81 
μg/mL (48 h treatment), and Zagrosin II, 142.7 μg/mL (72 h treatment). 
Zagrosin I and II stimulated cell proliferation of 72-h-treated normal 
foreskin fibroblasts at concentrations ≤ 100 μg/mL but inhibited the 
proliferation of 24-h-treated normal foreskin fibroblasts (30–40 %). 
Zagrosin I-III (1–3) didn’t show significant cytotoxicity on 48-h-treated 
normal foreskin fibroblasts (lower than 10 %). Fig. 3 shows images of 
MCF-7, human fibrosarcoma (HT1080), and normal human foreskin 
fibroblast cells in the culture medium 24, 48, and 72 h after treatment 
with Zagrosin I, II, and III.

This study did not aim to estimate and quantify cell death kinetics. 
High-throughput time-lapse imaging is needed as well as mathematical 
modelling to capture the kinetics of cell death in terms of the length of 

time between the addition of a chemical substance and the onset of cell 
death and the maximum rate of this process within the population (Inde 
et al. 2020). It seems that there are differences in cell death kinetics 
between Zagrosins I-III, their concentrations, and cell lines. Based on the 
results of MTT assays we did not observe correlation between treatment 
times (24, 48 and 72 h) and the cell types (cancerous and normal cell 
line). This is not the first report on dose-independent and time- 
independent cytotoxicity of agents in the MTT assays against 
cancerous cell lines (Al-Qubaisi et al. 2011; Monzavi et al. 2019; Rosselli 
et al. 2012; Joseph et al. 2021). One can conjecture about some hy
potheses. Initially, it is plausible that the chemical introduced into the 
culture media was taken up and processed by the cells within the first 
twenty-four hours (particularly at lower concentrations). After 48 and 
72 h, the surviving cells began to multiply and make up for the loss 
because the cytotoxicity was not 100 %. The MTT assay’s design and the 
metabolic alterations in specific cell lines may provide support for a 
different theory. Proliferation and cytotoxicity investigations both use 
the widely-recognized MTT test to determine the viable cell count. En
zymes known as NAD(P)H-dependent oxidoreductases, which are 
mostly located in the cytoplasm of cells, are responsible for the reduc
tion of tetrazolium dye in the MTT test. In light of this, NAD(P)H flux- 

Fig. 6. Comparison of the level of Mean Fluorescence Intensities of Zagrosin I-III induced late apoptosis in MCF-7, normal human foreskin fibroblast and human 
fibrosarcoma (HT1080). The median channels data were used for the measurement of the mean fluorescence intensity. Data of triplicate test are expressed as mean ±
SD (a: significantly different with untreated cells; b: significantly different with 72 h treated cells; c: significantly different with 48 h treated cells; p < 0.05).

Table 4 
Zagrosin I-III flow cytometric results of human fibrosarcoma (HT1080), MCF-7, and normal human foreskin fibroblast cells after 24 h, 48 h and 72 h of exposure at 12.5 
μg/mL for Zagrosin I, III and 25 μg/mL for Zagrosin II. The data are presented as the mean ± SD.

Early apoptosis* Late apoptosis*

Cells 
(%)

Normal human foreskin 
fibroblast

Human fibrosarcoma cells 
(HT1080)

Human breast cancer 
cells (MCF-7)

Normal human foreskin 
fibroblast

Human fibrosarcoma cells 
(HT1080)

Human breast cancer 
cells (MCF-7)

Zagrosin I
24 h 99.6 ± 0.049 96.56 ± 0.728 95.76 ± 0.317 0.225 ± 0.091 2.91 ± 0.728 4.23 ± 0.311
48 h 99.38 ± 0.097 97.63 ± 1.13 93.33 ± 1.244 0.105 ± 0.021 0.995 ± 0.417 6.66 ± 1.23
72 h 97.4 ± 0.169 90.41 ± 0.565 87.42 ± 1.781 1.82 ± 0.084 1.16 ± 0.042 12.57 ± 1.781

Zagrosin II
24 h 99.61 ± 0.056 95.56 ± 2.19 81.24 ± 0.65 0.2 ± 0.042 3.97 ± 0.16 18.73 ± 0.65
48 h 99.45 ± 0.183 98.63 ± 1.074 89.025 ± 0.417 0.15 ± 0.014 0.34 ± 0.0 10.96 ± 0.41
72 h 98.67 ± 0.113 86.42 ± 0.671 91.74 ± 0.876 1.085 ± 0.049 1.3 ± 0.0141 8.26 ± 0.876

Zagrosin III
24 h 99.47 ± 0.106 94.55 ± 0.565 86.23 ± 1.569 0.27 ± 0.028 4.45 ± 0.162 13.74 ± 1.59
48 h 98.91 ± 0.12 96.68 ± 3.196 83.28 ± 1.845 0.37 ± 0.07 0.315 ± 0.091 16.69 ± 1.84
72 h 98.4 ± 0.424 75.56 ± 0.365 88.005 ± 2.071 1.27 ± 0.197 0.995 ± 0.190 11.95 ± 2.04

Untreated cells
24 h 2.86 ± 0.09 0.32 ± 0.04 0.62 ± 0.08 2.24 ± 0.13 0.11 ± 0.02 0.37 ± 0.08
48 h 1.12 ± 0.04 0.44 ± 0.06 5.53 ± 0.12 2.04 ± 0.11 0.27 ± 0.01 4.64 ± 0.31
72 h 0.30 ± 0.05 0.10 ± 0.02 0.69 ± 0.03 1.78 ± 0.21 0.14 ± 0.03 0.14 ± 0.02

*Statistical analysis of the data is presented in Fig. 5.
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related cellular metabolic activity is required for MTT dye elimination. 
Conversely, rapidly dividing cells diminish MTT at a substantial rate, 
while cells with a low metabolic rate reduce it relatively little. It is 
crucial to keep in mind that changes in metabolic activity during the 
MTT experiment might cause MTT dye decrease without compromising 
cell viability (Sylvester 2011; Stockert et al. 2012; Berridge, Herst, and 
Tan 2005; Azizi et al. 2021). It’s also possible that this molecule stopped 
the cell cycle in the first 24 h, but the cells discovered a metabolic means 
to recover. By extending the duration to 72 h, the cells multiplied and 
made up for the initial decrease in MTT at the 24-hour time point (Azizi 
et al. 2021).

3.3. Flow cytometric analysis

Based on the FITC-Annexin V apoptosis flow cytometry assays, 
Zagrosin I-III (1–3) resulted in early apoptosis in more than 94 % of 24 
and 48-h treated human fibrosarcoma (HT1080) and normal human 
foreskin fibroblast cells. Moreover, Zagrosin I resulted in early apotosis 
in 93–95 % of 24 and 48-h treated MCF-7 cells, while this effect for 
Zagrosin II and Zagrosin III was 81–89 %.

According to the results of flow cytometric analyses of late apoptosis 
in our study as shown in Figs. 4–6 and Table 4, the rate of late apoptosis 
in MCF-7 was more than two other cell lines during 3 studied times by 
treatment with Zagrosin I-III. Moreover, Regarding the analysis of mean 
fluorescence intensity (MFI) as shown in Fig. 6 the rate of phosphatidyl 
serine exposure which is reactive to Annexin V on the cell membrane of 
MCF-7 was more than two other studied cells due to the effect of 
Zagrosin I-III. It means that MCF-7 is more responsive to Zagrosin I-III at 
all studied time intervals in comparison to other studied cells. Besides, 
the cytotoxic effect of Zagrosin I on MCF-7 was increased during the 
time and was at the highest at 72 h of study. Whereas Zagrosin II and 
Zagrosin III were more effective on MCF-7 at 24 hrs. The late apoptosis 
in normal human foreskin fibroblast was significantly lower compared 

to the untreated cells (control group).
A variety of natural molecules have been reported to exhibit anti- 

carcinogenic effects via various pathways, for instance, apoptosis, nec
roptosis, autophagy, mitotic catastrophe, mitochondrial processes, par
thanatos, or paraptosis (Gali-Muhtasib et al. 2015; Luo et al. 2015; 
Sarkar and Li 2009). One of the most important biological routes is 
apoptosis, which plays a crucial role in homeostasis, the development, 
and the death of abnormal cells. A balance between cell proliferation 
and death is an important biological process in human body homeo
stasis; any dysregulation in this homeostasis could initiate various 
human malignancies. In many anti-cancer medications, drug-induced 
apoptosis is the predominant mechanism of action for cancer treat
ment. Several distinct stages, including G0/G1 (resting/first growth 
phases), S (synthesis phase), and G2/M (cell growth/mitotic phases), 
were distinguished in the human cell cycle. These cell cycle stages have 
specific checkpoints that show the quality and quantity of the cell cycle’s 
major events such as the G0/G1 phase checkpoint (restriction point) and 
the G2/M checkpoint (DNA damage checkpoint). Cells will be arrested 
at G0/G1, S, and G2/M phases when DNA replicates and DNA damage 
needs to be repaired, respectively. Inducing apoptosis is common be
tween various cytotoxic terpenoids. For example, lineariifolianoid E (a 
dimer isolated compound from the aerial parts of Inula lineariifolia 
Turcz.) showed a significant dose-dependent apoptosis effect in breast 
cancer cells (Qin et al. 2013). Other examples are: apoptotic effect of 
Pleuroton B (a bisabolane-type sesquiterpenoids isolated from the edible 
fungus Pleurotus cystidiosus O. K. Mill), Atractylenolide III (isolated 
from Atractylodes macrocephala Koidz. rhizome), Parviflorene F, an 
isolated sesquiterpenoid dimer from Curcuma parviflora Wall., with 
apoptotic effect via caspase-dependent mechanism, and Syringenes E 
and F (two dimeric eremophilane sesquiterpenoids isolated from Sy
ringa pinnatifolia Hemsl. Stems) with apoptotic effect by activating ERK 
(Zheng et al. 2015; Kang et al. 2011; Ohtsuki et al. 2008; Li et al. 2022).

Fig. 7. Flow cytometric analysis of induced cell cycle arrest of MCF-7, human fibrosarcoma (HT1080), and normal human foreskin fibroblast cell lines after 6 h, 24 h, 
48 h and 72 h of exposure at 12.5 μg/mL of Zagrosin I. Data of triplicate test are expressed as mean ± SD. Significant differences from the control (untreated cells) are 
shown at a: p < 0.001; b: p < 0.05.
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3.4. Cell cycle analysis

The results of cell cycle analysis are shown in Figs. 7-9.
Zagrosin I
The number of MCF-7 cells treated with Zagrosin I significantly 

decreased in S phase (6–72 h), while there was a significant increase in 
the number of cells in G2 (6, 24, and 72 h after treatment).

In the case of the human fibrosarcoma (HT1080) cell line, the 
number of cells in Go/G1 decreased while the number of cells increased 
in S phase (6–24 h) and G2 phase (after 48 h).

Six hours after treatment, Zagrosin I increased the fibroblast cells in 
the S and G2 phases, but there was no significant difference at 48 h 
(Fig. 7).

Zagrosin II
In the case of MCF-7, there was a significant decrease in G0/G1 and S 

phases, while there was a significant increase in G2 phases 6 h after 
treatment. There was a significant increase in G0/G1 and decrease in the 
S and G2 phases 48 h after treatment. The number of human fibrosar
coma (HT1080) cells treated with Zagrosin II significantly increased in 
G0/G1 after 6 h, then decreased significantly. The number of these cells 
significantly increased in G2 (Fig. 8).

In the case of normal human foreskin fibroblast cells, 72 h after 
treatment, there was no significant difference between control and 
Zagrosin II-treated cells in the S and G2 phases (Fig. 8).

Zagrosin III
The number of MCF-7 cells treated with Zagrosin III significantly 

decreased in G0/G1 and S phases (6 h), while there was a significant 
increase in the number of cells in S and G2 (24 h after treatment).

In the case of the human fibrosarcoma (HT1080) cell line, the 
number of cells in Go/G1 significantly decreased while the number of 
cells increased in S phase (24 h) and G2 phase (after 48 h). In the case of 
normal human foreskin fibroblast cells, 48 h after treatment, there was 
no significant difference between control and Zagrosin III-treated cells in 
the S and G2 phases (Fig. 9).

Based on the observed results, the isolated compounds (Zagrosin 
I–III) induced late apoptosis on cancerous cell lines, MCF-7 and HT1080 
while the late apoptosis in normal human foreskin fibroblast was 
significantly lower compared to the untreated cells (control group). 
Moreover, the isolated compounds (Zagrosin I–III) are not necrotic, but 
they induce early apoptotic changes such as cell shrinkage and apoptotic 
bodies, and cell morphological changes reflect this cell death type (Sun 
et al. 2010). Similar cell changes were reported accompanied by other 
natural anti-carcinogenic molecules, e.g., epigallocatechin-3-gallate, 
celastrol, protopanaxadiol Rg3 and Rh2, yessotoxin, and bleomycin 
(Wang et al. 2012; Gupta et al. 2004; Korsnes and Espenes 2011; Han 
et al. 2020; Li et al. 2020).

We had some limitations in this study; for instance, at this stage we 
could not provide HRMS spectra, and we only relied on LC-MS/MS data 
and NMR spectra. Moreover, we could not determine the absolute 
configuration of the molecules through X-ray crystallography. We could 
only determine the cytotoxicity through MTT assays and the involve
ment of apoptosis as one of the mechanisms that these molecules applied 
to exhibit this cytotoxicity through flow cytometric analysis. But to 
evaluate antitumor and anticancer properties, further in vivo studies are 
required.

Fig. 8. Flow cytometric analysis of induced cell cycle arrest of MCF-7, human fibrosarcoma (HT1080), and normal human foreskin fibroblast cell lines after 6 h, 24 h, 
48 h and 72 h of exposure at 25 μg/mL of Zagrosin II. Data of triplicate test are expressed as mean ± SD. Significant differencess from control (untreated cells) are 
shown at a: p < 0.001; b: p < 0.05.

A. Pasdaran et al.                                                                                                                                                                                                                              Arabian Journal of Chemistry 18 (2025) 106049 

10 



4. Conclusion

In this study, 3 new cytotoxic spirocyclic terpenoids from 
E. amygdaloides L were isolated and structurally elucidated. These 
cytotoxic compounds include (9)-8a-((benzoyloxy)methyl)-2-methoxy- 
4,9-dimethyltetrahydro-4H,5H-2,4a-methanobenzo[d] [1,3] dioxine-4- 
carboxylate (Zagrosin I), ((9)-4-hydroxy-2-methoxy-4,9-dimethylte
trahydro-4H,8aH-2,4a-methanobenzo[d] [1,3] dioxin-8a-yl) methyl 
benzoate (Zagrosin II), and (9)-2-methoxy-4,9-dimethyl-8a-(phenoxy 
methyl) tetrahydro-4H,5H-2,4a-methanobenzo[d][1,3]dioxin-4-yl 4- 
methylpentanoate (Zagrosin III). These compounds exhibited signifi
cant cytotoxicity against the MCF-7 cell line and human fibrosarcoma 
(HT1080), with the mechanism of early and late apoptosis affecting cells 
mostly in G0/G1 fallowed by S, and G2 phases. Regarding the mean 
fluorescence intensity, the rate of phosphatidyl serine exposure on the 
cell membrane of MCF-7 was more than two other studied cells due to 
the effect of Zagrosin I-III which indicated that MCF-7 is more respon
sive to Zagrosin I-III at all studied time intervals in comparison to other 
studied cells. The cytotoxicity of these compounds on normal human 
foreskin fibroblasts was low 48 h after treatments. Although to evaluate 
antitumor and anticancer properties, further in vivo studies are required, 
this study showed that these spirocyclic terpenoids from E. amygdaloides 
can be considered as an effective chemical backbone for developing new 
anticancer agents.
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